Successful insect pollination can be achieved by a sequence of numerous attachment and detachment events at various biological surfaces. However, the quantitative measurements of pollen adhesion on biological surfaces have been poorly studied so far. We performed atomic force microscopy adhesion measurements of pollen on two most important floral parts for Asteraceae in a course of pollination: the stigma and style of Hypochaeris radicata plant. The results indicated distinct adhesive properties of them-the pollen adhesion on stigmatic surfaces drastically increased over prolonged contact time, while the pollen adhesion increase on stylar surfaces was rather restrained. Based on the observation with cryo-scanning electron microscopy, we explained the experimental results by the presence of morphological features in form of flexible stigmatic papillae that may play a crucial role in enhancing both capillary attraction and van der Waals forces. The distinct adhesive properties seemingly originate from the unique adhesive tasks that each of the floral parts requires to achieve successful pollination. The insights into the adhesive interaction between pollen and the floral parts, obtained in the present study, may lead to better understanding of pollination mechanisms, which are strongly related to our food production. Additionally, the novel pollen adhesive mechanisms learned from the stigma of the studied Asteraceae plant can inspire biomimetic designs of spontaneous gripping systems.
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Introduction
Unlike animals, individual plants, in general, lack mobility, usually rooting at certain sites in the course of their entire lives. Therefore, their activities that involve dynamic mobilities, such as dispersal of seeds, fruits or pollen, often rely on foreign vectors/agents including wind and animals. Due to the action of natural selection, the interactions between plants and their vectors are evolutionally optimized. The interactions between plants and their vectors also play an essential role in agriculture for our food production. Without insect pollination, many flowering plants would fail to reproduce sexually or decrease the quality of their seeds and fruits, and we would lose significant amount of food supply and other plant products [1] . Contrary to an increasing human population, declines in pollinators, which can lead to potential failure of food production, have been reported from every continent except Antarctica [2] .
Considering the process of insect pollination, during the journey of pollen from a male part of a plant toward a receptive female part of another plant, pollen undergoes numerous cycles of detachment and attachment events at the interfaces of floral parts and insect body parts. Each step requires specific properties of both surfaces in contact. For example, the pollen grains in Asteraceae, first presented on the surfaces of styles, require resistance against sheer forces caused by the wind and some regulation of the amount of grains taken by individual pollinators [3] . The grains should be securely fixated on pollinators that are flying in the wind and causing vibrations. Finally, the grains fixated on pollinators should be easily removed and captured by the stigmatic surfaces of another individual © 2019 The Author(s) Published by the Royal Society. All rights reserved.
plant. Therefore, the insights into adhesive properties of pollen on corresponding surfaces of plants and their pollinators are key to better understanding insect pollination. Additionally, finding out the mechanisms that achieve the desired manipulation of microparticles through proper interactions at interfaces can be potentially further applied to various fields, for instance, coating [4] , printing [5] , drug delivery [6] and respiratory medicine [7] .
Pollen adhesion on stigmatic surfaces was first measured with liquid assay with magnetic stirrer [8] , with centrifugation [9] or chemical treatments [10] . The above-mentioned methods, counting released grains from stigmas under aqueous environment, are useful to investigate the pollen-stigma adhesion arising from physiological phenomena, such as pollen tube penetration into stigmatic tissues. However, immersing stigmas into liquid makes it difficult to correctly measure the initial adhesion events that are dominated by physical interactions. Since Zinkl & Preuss [10] conceived an alternative method capable of measuring pollen-stigma adhesion in a dry environment [10, 11] , there have been almost no studies in this topic except the very recent one from Lin et al. [12] . Despite the vast diversity in morphologies and secreted liquid of stigmatic surfaces and pollen [13] , to the best of our knowledge, the quantitative adhesion measurements of dry pollen have been done only on stigmatic surfaces of a few plant species: Arabidopsis thaliana [10, 11] and Helianthus annuus [12] . Other plant species and other floral parts that play crucial roles in pollination, for instance, anthers and styles, have been previously not studied.
We have recently reported adhesive properties of fresh and aged pollen of Hypochaeris radicata on artificial substrates using atomic force microscopy (AFM) [14] . The study has suggested that capillary bridges formed at the interface between pollen grains and substrates play crucial roles in pollen adhesion, whereas the pollenkitt, traditionally regarded as a kind of pollen adhesive liquid, not necessarily enhances, but rather decreases the pollen adhesion due to weakened water capillarity in some conditions. In all species in Asteraceae family, pollination is initiated with opening anthers inwards, releasing pollen grains into anther tubes. As the style elongates within the anther tube, it pushes or brushes the pollen out of the anther tube, exposing the pollen at the hairy surfaces of the style [15] . The pollen grains presented on the stylar surfaces require detachment to be transported by pollinators until they finally land on stigmatic surfaces. The initial adhesion on the stigmatic surfaces is dominated by physical attractions, such as van der Waals forces and capillarity [9, 10, 13] , but later a cascade of physiological events occurs, leading to fertilization [16] . In this study, we focused on the pollen adhesion at the stage of physical attraction, aiming to provide the first comparative insights of pollen adhesion on the most important floral parts in pollination: the style as the departure site and the stigma as the destination site.
Material and methods

Pollen-cantilever tip preparation
Flowering stems of Hypochaeris raticata were collected and put into water to permit the youngest ray flowers to push the styles through the anther tubes and expose the fresh pollen grains on the stylar surfaces (figure 1). The newly opened ray flowers were picked up from capitula (flower heads), and then an individual fresh grains were quickly collected using human eyelashes and finally glued upon the tip of AFM tipless cantilevers (Nanosensors, Neuchatel, Switzerland) using a slight amount of epoxy glue (figure 2c). The epoxy glue was cured for 15 min before the onset of AFM adhesion measurements for the pollen in the fresh state. After the cycles of adhesion measurements, the pollencantilever tips were stored under controlled laboratory conditions (temperature: 20-25°C, RH: 40-60%). After several days, the adhesion of the pollen grains was tested again for the comparison between pollen in fresh and aged state.
Floral sample preparation
Stocks of Hypochaeris raticata were transplanted to containers to let their buds open indoors for reducing the risk of contamination or damage of the plant surfaces. The florets that opened a day before were carefully collected from the capitula and cleaned with a dust blower to remove pollen grains from the surfaces. A cleaned floret was fixed on a glass slide with a double-sided tape with either its stigma or upper end of style facing up for AFM force measurements. Together with the floret sample, water-soaked paper towel was wrapped in scotch tape, to avoid dehydration during further experimentation (figure 2a). The pollen adhesion was tested on either the stigmatic or stylar surfaces. 
Atomic force microscopy force measurements
We used AFM with the pollen-cantilever tips (see above) to measure pollen adhesion on the native stylar and stigmatic surfaces of the plant. The adhesion force was defined as the lowest measured pull-off force in the retraction part of the force-distance curve (figure 2b). We compared adhesion forces measured at three different times of the contact duration: 0, 30 and 180 s, using three cantilevers with three individual pollen grains. We performed 95 and 81 adhesion measurements using fresh pollen on samples of five stigmas and five styles, respectively. While we performed 71 and 82 adhesion measurements using aged pollen on samples of three stigmas and four styles, respectively. During the measurements, the preload force was 1 nN, and the piezo speed was 7.5 µm s −1 . The measurements were performed on both stigmas and styles with three different contact times in a randomized order. After the measurements were finished, the pollen-cantilever tips were sputter coated with 10 nm Au-Pd and examined in a tabletop TM3000 scanning electron microscope (Hitachi Ltd, Tokyo, Japan).
Cryo-scanning electron microscopy
Cryo-scanning electron microscopy (SEM) was used to visualize plant surfaces in the native state. Newly opened florets were fixated on SEM stubs before being frozen in liquid nitrogen, and then they were transferred to a sputtering chamber, where samples were kept frozen at −140°C. Then they were sputter coated with 10 nm Au-Pd in the frozen state and observed in a Hitachi S 4800 scanning electron microscope (Hitachi Ltd, Tokyo, Japan) at −120°C.
Results
Atomic force microscopy force measurements:
comparative analysis of pollen adhesion on the stylar and stigmatic surfaces
In figure 2b , typical force-distance curves taken on both a stigma and a style with a contact time of 180 s are demonstrated. The pollen adhesion on the stigma featured longer attraction regime after the contact breakage than on the stylar surface. Figure 3 shows the measured adhesion forces of both fresh and aged pollen on the stylar and stigmatic surfaces with different contact times. The adhesion force of fresh pollen on the stigmatic surfaces (figure 3a), compared with the instantaneous contact time (0 s), exhibited a dramatic increase over the contact time of 180 s by a factor of 11.9, while the adhesion force of fresh pollen on the stylar surfaces yielded an increase only by a factor of 2.7. For the adhesion force of fresh pollen on the stigmatic surfaces, the differences between these contact times are statistically significant in all the combinations (Dunn Kruskal Compared with the fresh state, aged pollen yielded significantly higher adhesion only on the stigmatic surfaces with the contact time of 180 s (Kruskal-Wallis test, χ 2 = 4.66, p-value < 0.05). However, no significant difference of the adhesion force on the stylar surfaces between fresh and aged pollen was found.
3.2. Cryo-scanning electron microscopy: morphological analysis of the stylar and stigmatic surfaces in their native state
Cryo-SEM observations were performed to investigate contact geometries of pollen grains on both the stylar and stigmatic surfaces in their native state. We observed that numerous conical papillae on the stigmatic surfaces are wet ( figure 4a-c) . The stigmatic papillae were flexible enough and therefore clumped with each other by the capillary forces caused by the surface liquid ( figure 4a,b) . The surface liquid was found to rise in the space between the stigmatic papillae, and to form capillary bridges that anchor pollen grains in the embracing stigmatic papillae (figure 4c). On the stylar surfaces, however, we observed distally tilted spines protruding from parallel aligned royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190269 cuticular ridges ( figure 4d,e) . Unlike stigmatic surfaces, we hardly observed these stylar spikes being clumped by the capillarity. However, the tips of the stylar spikes were frequently found buckled (figure 4d,e).
Discussion
The nature of pollen-stigma adhesion
We assume that pollen-stigma interaction in representatives of Asteraceae starts with an initial pollen capture on stigmatic surfaces, which is mediated by physico-chemical attractions (first stage). Then the pollenkitt release onto stigmatic surfaces results in the formation of an 'attachment foot' beneath each pollen grain (second stage). The water passes through the attachment foot leading to the pollen hydration (third stage). Finally, pollen tube germination occurs, resulting in its penetration through the stigmatic tissue (fourth stage) [16] . While the second and later adhesion stages involve physiological interactions, and some of the phenomena are irreversible once they occur, the adhesion force that arises from first stage adhesion can be measured repeatedly using pollen fixated on the AFM cantilevers. We assume that we measured the first stage adhesion on the stigmatic surfaces, based on the following facts: (1) the onset time of second stage adhesion on other species in Asteraceae is much longer than the contact time in our measurements [16] , (2) the magnitude of adhesion force did not significantly change over the consecutive force measurements on the stigmatic surfaces, indicating absence of irreversible adhesion modes, and (3) any sign of the pollen tube germination was not observed in subsequent SEM studies after the force measurements (figure 2c), which means that this kind of adhesion/interlocking does not contribute to the forces measured in our experiments.
Wetting and mechanical properties of the stigmatic surfaces
The contact geometries of pollen-floral interfaces are speciesspecific since pollen surface structures and floral surfaces are incredibly diverse in size, shape, surface ornamentations and presence/absence of surface liquids [13, [15] [16] [17] [18] . Among the diversity in types of stigmas, Asteraceae family is known to possess 'semi-dry' stigma with some combination of characteristics of both dry and wet types of stigma [16] . The 'semi-dry' stigmas are characterized by a moderate amount of secreted waterbased liquid from stigmatic surfaces, consisting of lipid, carbohydrates and proteins. The fact that the secreted liquid wets the whole stigmatic surfaces and clumps the stigmatic papillae into bundles (figure 4) indicates that (1) the stigmatic surfaces have high affinity to the secreted liquid and (2) the conical papillae are sufficiently flexible to be deflected by the capillary force.
Functional morphology of the stylar surfaces
Unlike the plants with primary pollen presentation, where pollen is directly delivered to pollinators from anthers, all the species in Asteraceae family relocate pollen from anthers to other specialized floral structures. In the relocation of pollen before its dispersal to the pollinators, the morphology of the styles plays a crucial role. Diverse morphological features of styles and mechanisms of secondary pollen presentation in Asteraceae have been studied previously [15, 19] . The subfamily Cichorioideae including H. radicata is known to possess brushing mechanisms [19] . Our cryo-SEM observation revealed that the stylar surfaces of H. radicata bear microspines tilted toward the bifurcated ends of the styles. When the styles elongate through the anther tubes, the tilted geometry of stylar spines could function to brush and drag pollen grains from the tubes to achieve pollen relocation and presentation on the stylar surfaces. The stylar spines presumably possess sufficient mechanical stiffness to overcome the frictional shear stress that the spines would undergo during the style elongation. Despite the surface liquid presence, which is likely to be the residue of the pollenkitt, we did not observe clumped stylar spines caused by the capillary force, such as that found in the stigmatic papillae. However, we frequently found plastically deformed tip ends of the stylar spines. The deformations are likely caused by the style elongation. The presence of plastic deformation indicates a poor flexibility of the stylar spines.
Mechanisms underlying pollen adhesion to the stigmatic surfaces
Given that the effects of physiological interactions between the stigma and pollen grains are negligible in such short contact times, it is necessary to elucidate potential mechanisms behind pollen adhesion from the physico-chemical perspective. The measured adhesion force between pollen and a target surface is given as
where F vdw is van der Waals forces, F e is electrostatic force, and F w is the force originating from the capillary attraction. In the present study, F e should be neglected, since we did not observe the long-range attraction in the force-distance curves during approach, which is an exclusive characteristic of electrostatic effect [14] . Therefore, it is reasonable to assume that F vdw and/or F w can increase during an extended contact with the stylar and stigmatic surfaces. From the retraction part of force-distance curves, we observed the more extended attraction regime after the breakage of solid-solid contact in pollen-stigma adhesion rather than in pollen-style adhesion (figure 2b). It is an indication that the pollen interacted with larger amount of liquid on the stigmatic surfaces rather than on the stylar surfaces during our force measurements. Cryo-SEM observation distinctively characterized morphology of both the styles and stigmas and the interaction between the surface liquid and the floral structures as well. On stigmatic surfaces, the surface liquid was observed to rise through the narrowed space between clumped conical papillae. The final height h of the liquid rise by capillary action is given as
where γ is the surface tension of liquid, θ is the contact angle, ρ is the density of liquid, R is the capillary radius, and g is the gravitational acceleration. The smaller the value of R or the narrower the space is in which the liquid ascends, the higher the level that the liquid reaches. Therefore, the clumping of the conical papillae achieved by their flexibility narrows the space between them, leading to an enhancement of the liquid rise ( figure 5 ). This could explain why we observed the liquid on the topmost part of the interface between the conical papillae in the cryo-SEM ( figure 4b,c) . The higher the liquid rises between the conical papillae, the higher the probability for the liquid to come royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190269
into contact with the deposited pollen. Once the contact is achieved, a relatively large capillary bridge can be established beneath the pollen (figure 4c). Under these circumstances, the liquid is continuously supplied up to the capillary bridge, since the capillary bridge is connected to the bulk liquid on the basal stigmatic surfaces through the liquid path between the clumped conical papillae. The more liquid is supplied to the capillary bridge, the longer the three-phase contact line (TCL) becomes. Since the capillary force acts on the TCL, the increasing length of TCL over time enhances the capillary attraction to the stigma. Additionally, the stigmatic papillae that are in contact with the pollen would flexibly orient themselves toward the pollen with the aid of capillarity (figure 6). It would shorten the separation distance between the pollen and the stigmatic surface, leading to (1) an increasing area of solid-solid contact and (2) decreasing radius of the capillary bridge beneath the pollen (r 2 < r 1 ). Both effects lead to an increasing adhesion on the stigma, since F vdw is proportional to the contact area, whereas F w is inversely proportional to the radius of the capillary bridge. Therefore, the capillarity of surface liquid together with the flexibility of the stigmatic papillae would enable drastic increase in pollen adhesion over time. In the case of the style, however, it would be not possible to achieve such an increase in pollen adhesion due to the lack of flexibility of stylar spines and the absence of abundant surface liquid.
Aged pollen versus fresh pollen
Our comparison between fresh and aged pollen demonstrated the higher adhesion of aged pollen on the stigmatic surfaces at longer contact times (figure 3), whereas such significant difference was not found on the stylar surfaces. How can we explain this counterintuitive result? In a previous study, we have reported that fresh pollenkitt actually weakens adhesion on high surface energy surfaces under high humidity [14] . We reasoned this result with a water capillary model stating that pollenkitt, the major constituents of which are hydrophobic lipids, leads to an increase of the contact angle of condensed water on the pollen surface, resulting in the reduced water capillary attraction. This idea can be also applied to the present study, since the secreted liquid on the stigma mainly consists of water [20] . Unlike the stigmatic surfaces, the stylar surfaces do not secrete such an abundant liquid, and therefore it can be suggested that no considerable difference in adhesion on the stylar surfaces should occur between fresh and aged pollen.
Biological significance
In the first step of insect pollination, the pollen grains presented on the styles are required to (1) sustain shear forces arising from both wind and oscillation of the flower and (2) be transferred to the pollinator surfaces following the breakage of existing contact to the stylar surfaces. That is why the pollen adhesion on the stylar surfaces should not drastically increase or decrease over a prolonged contact time: otherwise, it would fail to satisfy either of the above requirements. In the previous section, we discussed that adhesion of both fresh and aged pollen on the stylar surfaces had a tendency to increase with prolonged contact time, but the magnitude of the adhesion increase on the stylar surfaces is much lower than on the stigmatic surfaces. This result suggests that the pollen adhesion on the styles is well regulated to meet these requirements for the first step of pollination.
In the later step of pollination, the pollen attached to the pollinator surface should be captured by the stigmatic surface. During this phase, pollen should remain fixated on the stigmatic surfaces until subsequent physiological events leading to successful fertilization take place. Our quantitative adhesion measurements along with cryo-SEM observations suggest that stigma of Hypochoeris radicata possesses a spontaneous gripping system drastically increasing pollen adhesion for a short period of time. Interestingly, this gripping system functions even more effectively for the aged pollen or pollen with less pollenkitt rather than for the fresh pollen. Each attachment/ detachment cycle that pollen goes through would cause some loss of the pollenkitt. Therefore, the versatile mechanism of the gripping system in the stigma might provide an additional advantage for successful pollination and fertilization.
Conclusion
In this study, we reported on the first quantitative comparative measurements of pollen adhesion on two most important floral parts used in pollination: the style and stigma. AFM force measurements revealed distinct adhesive properties of these floral parts depending on the contact time. The pollen adhesion on the stigmatic surfaces drastically increased over the contact time, whereas the increase of pollen adhesion on the stylar surfaces was rather moderate. Based on our cryo-SEM observations, we attribute this result to a spontaneous gripping system arising from unique morphological features of flexible stigmatic papillae that can enhance both capillary attraction and van der Waals forces. From the botanical perspective, an enhanced adhesion on the stigmatic surfaces and moderate adhesion on the stylar surfaces are of great advantage for successful pollination. The findings lead to a better understanding of adhesive interactions between pollen and various floral parts in the course of pollination. In addition, the working principles extracted from the pollination system of H. radicata can be applied to the biomimetic engineering of microgripping systems.
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